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Introduction
Variable levels of relatedness among experimental subjects in biomedical research are capable of obscuring treatment effects. When the use of highly inbred or identical twins is not practical, as in research involving non-human primates, only unrelated or very remotely related subjects should be used in any given experiment. While the use of pedigree information for determination of kin relationships remains a gold standard, it is sometimes necessary for investigators to determine relatedness estimates among animals that are wildcaught or are acquired without sufficient pedigree information to determine kin relationships. In these circumstances, the coefficient of relatedness (r) can be estimated from molecular markers, notably short tandem repeats (STRs) and single nucleotide polymorphisms (SNPs).
The STR loci normally chosen for estimating r are those that are highly polymorphic [Estoup et al. 2002] , while most SNPs are typically di-allelic and exhibit a maximum heterozygosity of 0.50. The higher information content of STRs necessitates the use of a greater number of high-frequency SNPs to obtain equivalent discriminatory power [Butler et al. 2007] . Butler et al. [2007] use model-based methods to conclude that approximately 40-60 SNPs are required to obtain the discriminatory power of 13-15 STRs.
The use of SNPs for the purpose of estimating relatedness is motivated primarily by more cost-effective data acquisition [Morin et al. 2004] , despite the lower per-marker information content. Notably, however, SNPs are also more likely than STRs to reflect allelic identity by descent (i.e., homology), rather than only identity by state (i.e., homoplasy), since the average mutation rate of SNPs is approximately one-hundred thousand times lower than that of STRs [Butler et al. 2007 ], which are characterized by a high incidence of repeat-number expansion and contraction.
No empirical comparisons of the effectiveness of SNPs and STRs for relatedness estimation in non-human primates have been reported thus far. However, some comparisons of the effectiveness of STRs and SNPs in estimating relatedness have been conducted in the domain of human parentage analysis [Dario et al. 2009 ], especially for forensic investigation [Butler et al. 2007 ]. It is not immediately obvious if the results of these human studies can be directly applied to non-human primates, particularly when levels of inbreeding are high. Likewise, there have been several comparative studies of SNPs and STRs for the purposes of estimating relatedness in species of interest to the agricultural industry, for example in wild sockeye salmon [Hauser et al. 2011 ], Atlantic salmon [Glover et al. 2010] , and in livestock to clarify breed history and to manage and preserve domesticated strains [Li et al. 2007] . Again, we note that the very different life histories of these species obscure the direct application of these studies to primate colony genetic management.
There has been much research addressing the relative performance of various algorithms for estimating pairwise relatedness [Csilléry et al. 2006 ], yet we are unaware of any empirical comparisons of these algorithms using both SNP and STR data for relatedness estimation in primate colonies. It is clear that properly distinguishing degrees of relatedness within captive breeding colonies is vital to proper management, regardless of species [Eding 2001 ]. The primary goal of this research is to compare and assess the effectiveness of established SNP and STR panels for relatedness estimation in Chinese rhesus macaques. We utilize multiple descriptive and inferential statistical techniques to investigate the relative performance of SNPs and STRs in predicting pedigree-based relationships. Additionally, we investigate the relative performance of the Queller and Goodnight [1994] , Lynch and Ritland [1999] , and Wang [2002] algorithms for relatedness estimation using each type of molecular marker. A detailed description of specific research goals is included in the methods section.
Methods
The relevant phases of this research had institutional approval (IACUC) and adhered to the American Society of Primatologists principles for the ethical treatment of primates.
Estimating r Using Pedigree Data
The California National Primate Research Center (CNPRC) has kept detailed birth records for 162 Chinese rhesus macaques bred in its Super Specific Pathogen-Free colony in the form of parent-offspring trios. Descent v2.0.2 [Hagen 2005 ] was used to transform the trio records into a comprehensive pedigree, from which a pairwise relatedness matrix between all possible pairs of the 162 Chinese rhesus macaques was constructed. This primary matrix was reduced to a 31x31 matrix representing all animals for which both SNP and STR data were available. The estimates of r based on breeding records were then used to evaluate the accuracy of r estimates based on SNP and STR genotype data. These pedigree estimates are not exact indices of relatedness due to both the possibility of missing trio information, and the fact that r estimated through pedigree data is a maximum likelihood estimate, about which there is variance, especially for categories of kin other than parent-offspring. Given the above constraints, pedigree estimates of r remain the best information available by which one can assess the accuracy of r as estimated from molecular markers.
Genotyping
The Molecular Anthropology Laboratory (MAL) at the University of California, Davis maintains data files containing STR and SNP genotypes for Chinese SSPF rhesus macaques in the CNPRC breeding colony. STR genotype data for the Chinese rhesus macaques were produced by the Veterinary Genetics Laboratory, at University of California, Davis, using the methods described in Kanthaswamy et al. [2006] . The same animals were genotyped using the 96 SNP genetic management (GM) panel developed by the Genetics and Genomic Working Group of the National Non-human Primate Research Consortium [Kanthaswamy et al. 2009; Ferguson et al., in press] . DNA samples were extracted from blood collected in EDTA vacutainer tubes using conventional methods, adjusted to 60 ng/ul and genotyped using the BeadXpress assay on the Illumina GoldenGate™ platform at the Technology Core of the UC Davis Genome Center. SNP genotypes were validated according to Satkoski Trask et al. [2011] .
To maximize the power of the comparison, relatedness estimates were calculated for all Chinese SSPF rhesus macaques at the CNPRC for which STR genotype data, SNP genotype data, and pedigree information were available. At least 90% complete genotypes for the 14 STR loci (i.e. missing data did not exceed 2 of 28 alleles) and 100% complete genotypes for 81 SNP loci could be assigned to 31 of these animals. Only 81 of the 96 SNPs in the genetic management panel were used for estimating r, because 15 of the SNPs either exhibited missing genotypes for many animals, or exhibited a frequency of exactly 1.0 (9 of the 96 SNPs are polymorphic for Indian, but not Chinese rhesus macaques) and were therefore uninformative for relatedness estimation. The number of observed alleles, in addition to the observed and expected heterozygosity of each STR and SNP, are provided in Appendices 1 and 2, respectively. The mean observed and expected heterozygosity of the utilized STRs were 0.89 and 0.84 (respectively), and the mean observed and expected heterozygosity of the utilized SNPs were 0.39 and 0.43.
Estimating r using Molecular Markers
We utilized two programs to estimate r from molecular markers. For the most basic comparative analyses of SNPs and STRs, we utilized the SPAGeDi program [Hardy and Vekemans 2002 ] to implement the Queller and Goodnight [1994] , Lynch and Ritland [1999] , and Wang [2002] algorithms for relatedness estimation. For more complex subsampling analysis, we developed a relatedness estimation program using the statistical computing program R version 2.12.1 (R Development Core Team 2010), which implements the Lynch and Ritland [1999] regression algorithm. We chose to utilize the Lynch and Ritland [1999] algorithm a priori from literature review, before we compared the output of multiple algorithms using this data set, as it has been one of the most widely used methods of relatedness estimation and has aided in the creation of a variety of programs meant to simplify and streamline the process of exploring population stratification, inbreeding, and pairwise relatedness [Wang 2011; Kalinowski 2006] . Retrospectively, the Lynch and Ritland [1999] algorithm did not perform as well at estimation as other algorithms; however, the relative performance of SNPs and STRs under the Lynch and Ritland [1999] was similar to the relative performance of SNPs and STRs under the other reviewed algorithms. It should be noted that all of the algorithms utilized in this study permit negative estimates of r, which simply indicate that the given pair of unrelated animals share fewer alleles in common than an average pair of unrelated animals in the same population.
While aspects of this study could be completed using the SPAGeDi program, evaluation of the number of SNPs needed to discriminate various orders of relatedness requires several thousand iterations and manipulations of the relatedness estimation algorithm, a task that is much more easily implemented by the R script developed for this project (see Supplementary Materials §1). The R script used in this study utilizes the Genepop file format [Rousset 2008 ] as an input, and outputs a 4-dimensional array of relatedness estimates, which is composed of the pairwise relatedness estimates of all animals in the Genepop file, using from 1 SNP to 81 SNPs, for 100 random orderings of these SNPs. The R script employed in this study was validated by calculating the product-moment correlation, 0.9946, between relatedness estimates generated by our base script and those generated by the same algorithm in the commonly used SPAGeDi program [Hardy and Vekemans 2002] .
Specific Objectives
The specific objectives of the present study are to: 1) evaluate the distributions of SNPbased and STR-based estimates of r in first-order, second-order, and third-order kin relationships, and in unrelated individuals, in a sample of Chinese-origin rhesus macaques (Macaca mulatta) at the CNPRC, 2) evaluate the distribution of difference between pedigree based estimates of r and both SNP-based and STR-based estimates of r, 3) calculate the product-moment correlation between pedigree based estimates of r and both STR-based and SNP-based estimates of r, controlling for non-independence of cases with QAP (Quadratic Assignment Procedure), 4) compare the predictive power of STRs and SNPs in distinguishing first-order relationships using matrix logistic regression, which is designed specifically for use in cases where data is provided in pairwise matrices, to control for possible interdependencies, 5) compare the ability of SNP-based and STR-based modelsto predict pedigree relationships, using AICc (corrected Akaike information criterion) and BIC (Bayesian information criterion) for formal model comparison, 6) compare the relative performance of three relatedness estimating algorithms (Lynch and Ritland [1999] , Wang [2002] , and Queller and Goodnight [1994] ), and 7) identify the number of SNPs required to discriminate various order of kin, by implementing an algorithm to iteratively re-calculate r using an increasing number of SNPs.
Data Analysis
We conducted all data analyses using the Lynch and Ritland [1999] algorithm, unless otherwise indicated in the study description.
To address objective 1, data corresponding to estimates of r = 0.5, 0.25, 0.125, and 0.0 in the pedigree matrix were extracted from both the SNP and STR matrices. Estimates of r based on SNPs and STRs were compared within each category of relatedness (r = 0.5, 0.25, 0.125, and 0.0).
To address objective 2, kernel density estimates of the difference between each of the two molecular marker estimates and pedigree estimates of r were computed and plotted using the density function in the stats library in R. Confidence intervals were calculated using the HPDI (Highest Posterior Density Intervals) function in the rethinking package in R [McElreath 2012 ].
To address objective 3, we calculated the product-moment correlation between the matrix of pedigree relatedness estimates and the matrices of relatedness estimates calculated from molecular markers. The product-moment correlation is a measure of the linear relationship between two variables that reflects the direction and strength of a relationship, but not the slope; the data may still contain non-linear relationships that the product-moment correlation will not reflect. Because data in pairwise matrices, such as the matrices of relatedness utilized in this study, are non-independent, it is possible that spurious structures in the data drive correlations between the matrix of estimates derived from pedigrees and those derived from molecular markers. To determine the statistical significance of our results, a QAP test [Krackhardt 1987 ] was performed using the SNA package in R [Butts 2010 ]. After first calculating the product-moment correlation between two matrices, the rows and columns of one matrix are randomly reordered (permuted) and the product-moment correlation between the two matrices is recalculated. This procedure was repeated ten thousand times to obtain a distribution of correlation values. The probability that a correlation of the magnitude observed is spurious, due to a lack of independence in the data, is determined by comparing the original correlation to the resulting distribution.
To address objective 4, we used the netlogit (logistic regression for network data) function in the SNA package in R [Butts 2010 ] to model the ability of SNP-based and STR-based relatedness estimates to predict first-order pedigree relationships (r >=0.5, expressed as a binary variable). This method of data analysis carries with it the cost of significantly reduced resolution in our dependent variable, but provides an excellent direct comparison of the differential ability of SNPs and STRs to categorically predict animals as first-order kin. This method of data analysis allows for estimates of false positive and false negative rates, and also controls for possible dependencies in the data through QAP permutation.
To address objectives 5 and 6, we employed three forms of modeling to compare the relative performance of SNPs and STRs, using each of the three algorithms compared for estimating relatedness in this study. In order to maintain full resolution of our dependent variable, we utilized linear regression with a logistic response curve. Additionally, we employed ordered logistic regression, using the polr function in the MASS package in R, to compare the ability of SNPs and STRs to classify pairwise relatedness estimates into ordered categories (firstorder kin, second-order kin, third-order kin, and non-kin). Finally, we utilized standard logistic regression to compare the ability of SNPs and STRs to discriminate first-order kin from other categories with each of the three relatedness estimation algorithms. We then conducted formal model comparisons of SNP-based and STR-based models using AICc and BIC in the bbmle package in R [Bolker 2012] . Unlike the use of p or r 2 values to compare models (which are ad hoc methods), AICc and BIC are model comparison metrics derived from information theory [Burnham and Anderson 2002] , and are the gold standard tools for statistical model evaluation. For the purposes of this study, AICc and BIC weights can be loosely understood as indicating the posterior probability that the specified model family minimizes out-of-sample prediction errors [McElreath 2011 ].
To address objective 7, we utilized the R script developed for this project to compute relatedness using an increasing number of SNPs, in order to investigate the number of SNPs required to effectively discriminate various orders of kin. The R script operates by randomly ordering the 81 SNPs, then iteratively recalculating pairwise relatedness between focal individuals using an increasing number of SNPs (in this case from 1 SNP to 81 SNPs). The algorithm repeats this process for all pairwise comparisons of the 31 Chinese Rhesus macaques using 100 random orderings of SNPs for each pairwise comparison to ensure that the SNP order contributes minimal bias to interpretation. Table 1 shows the mean values and standard deviations of SNP-based and STR-based estimates of r for which the pedigree data indicate relationships of r equal 0.5, 0.25, 0.125, and 0.0.
Results

Comparing Estimates of r between SNPs and STRs
Both STRs and SNPs predict mean estimates of relatedness well below the expected values indicated by the pedigree data, but our R script includes the alleles of the individuals being compared in the calculation of population allele frequency. More accurate estimates could be generated by calculating population allele frequencies from a secondary data set in which the focal individuals do not appear, or by re-calculating the population allele frequency from the data but iteratively removing the focal pairs' alleles for each relatedness estimate. However, both of these methods allow an individual to possess an allele that has no described frequency in the population, leading to a failure of the Lynch and Ritland [1999] algorithm. In most circumstances, the purpose of estimating r is not to precisely determine the true relatedness coefficients, but rather to discriminate close kin from unrelated, or remotely related individuals. Accordingly, the R script has been optimized to function reliably.
Although SNP-based and STR-based estimates of r have very similar mean differences from the pedigree based estimates (in general, both under-predict relatedness for the reasons described above), the density of difference between STR-based estimates and pedigreebased estimates of r is concentrated in a much smaller area near the mean than the density of difference between SNP-based estimates and pedigree-based estimates of r, as illustrated in Figure 1 .
The data presented in Table 2 indicate that the deviation of STR-based estimates of relatedness from pedigree-based estimates of relatedness is smaller than that of SNP-based estimates.
Correlation between Pedigree Estimates of r and Molecular Marker Estimates of r
The level of arbitrariness in interpreting product-moment correlations requires that they be evaluated according to context and purpose. In the present study, other contributing factors such as imperfect pedigree information (e.g. errors in paternity assignment) and the degree of randomness inherent in the actual relatedness coefficient between relationships other than parent-offspring might decrease the product-moment correlation below 1. Despite these factors, the product-moment correlation between SNP-based estimates of r and pedigreebased estimates of r was 0.71, and the product-moment correlation between STR-based estimates of r and pedigree-based estimates of r was 0.80. These results suggest that both SNP-based and STR-based estimates of relatedness correlate strongly with pedigree estimates of relatedness. In both cases the entire distribution of re-calculated productmoment correlation between permuted matrices lies well below the product-moment correlation between the matrices of observed data (QAP p < 0.0001), which provides confidence that the correlation observed between matrices cannot be explained by spurious dependencies.
Regression of Pedigree Estimates on Molecular Marker Estimates
While a linear relationship between estimates of relatedness from molecular markers and pedigree data is expected, Figure 2 illustrates that linear models are sub-optimal for describing this relationship.
It is important to note that while the dependent variable is constrained to values between 0 and 1, the independent variable is unconstrained. Additionally, non-kin relationships in the data far outnumber kin relationships, leading to non-normally distributed data. A smooth spline curve suggested that modeling the mean with a logistic model would be optimal; we utilize three forms of logistic regression below to address our research questions.
The Network Logistic Regression Model-
The netlogit function in the SNA package for R [Butts 2010 ] controls for network dependencies in the data, at the cost of reduced resolution in the dependent variable, which must be collapsed to a binary variable of first-order kin (r=0.5) or non-first-order kin (r<0.5). The results from matrix logistic regression show that SNP and STR genotype data predict first-order relatedness with indistinguishable error rates. Conditional on the pedigree information being true, both SNPs and STRs correctly predicted 442 of 444 non-first-order kin relationships, and 18 of 21 firstorder kin relationships, leading to a false negative rate of 0.1428, and a false positive rate of 0.00455, QAP p < 0.0001.
Gaussian, Proportional Odds Logistic, and Logistic Regression Models-
Since both the QAP test and the matrix logistic regression indicated that the magnitude of interdependence in our data is negligible, we utilized three other forms of model fitting, using methods that do not control for interdependencies in the data. In one case, we maintained full resolution in the dependent variable and fit Gaussian models with logistic response curves to the data; in the second case, we coded the dependent variable using ordered categories: unrelated (r<0.125), third-order kin (r=0.125), second-order kin (r=0.25), and first-order kin (r=0.5), and fit models using proportional odds logistic regression; and finally, we coded the dependent variable as a binary variable of first-order kin or non-first-order kin, and used standard logistic regression to compare the performance of SNPs and STRs. In each analysis, we compare the performance of STR and SNP genotype data, using the Queller and Goodnight [1994] , Lynch and Ritland [1999] , and Wang [2002] algorithms. We use AICc and BIC to formally compare the SNP-based and STR-based models. These analyses indicate that while both STRs and SNPs effectively predict pedigree estimates of relatedness, STRs explain more variation and are highly preferred by both AICc and BIC (information theoretic weights of ~100%) as shown in Table 3 . Our main result, that 14 STRs outperform 81 SNPs in relatedness estimation, is robust to the particular algorithm utilized in relatedness estimation, as 8 out of 9 models indicate that STRs outperform SNPs in relatedness estimation (Table 3 ). The Wang [2002] algorithm appears to outperform all other algorithms for STR data, and the Queller and Goodnight [1994] algorithm performs best for SNP data in two of three cases. Figure 3 illustrates the decline in the variance of estimates of relatedness as an increasing number of SNPs are utilized in the estimation process. Figure 3a illustrates that at least 35 SNPs are required to separate the central 90% confidence intervals of first-order kin and non-kin; in other words, when 35 SNPs were used to estimate relatedness in this sample, less than 5% of first-order kin fall within the 90% confidence interval of non-kin, and vice versa. Figure 3b illustrates that 70 SNPs are required to separate the 98% confidence intervals of first-order kin and non-kin, indicating that less than 1% of first-order kin fall within the 98% confidence interval of non-kin, and vice versa. Figure 3c and Figure 3d indicate that greater than 81 SNPs are required to effectively discriminate the 90% and 98% confidence intervals (respectively) of second-order kin from the confidence intervals of first-order kin or non-kin. Future research should be designed to investigate the number of SNPs required to separate the distributions of second-order kin from other kin classes. It is important to note, that although 81 SNPs are not sufficient to fully separate the 90% or 98% confidence intervals of second-order kin from first-order kin or non-kin, probabilistic assignment of kin categories can be accomplished by computing the probability density of an observed relatedness estimate from each of the three (approximately) Gaussian distributions corresponding to each order of kin (see Figure 4) , divided by the total probability density across all three distributions (if we assume, for simplicity, that these are the only classes of kin possible).
Identifying the Number of SNPs Required to Discriminate Various Orders of Kin
For example, in the empirical data utilized in this study, the Gaussian approximation of the first-order kin distribution is mean=0.43, sd= 0.09, the Gaussian approximation of the second-order kin distribution is mean=0.12, sd=0.15, and the Gaussian approximation of the non-kin distribution is mean= −0.08, sd=0.11. If one were to observe a relatedness estimate of r=0.2, one could compute the probability density of this observation under each of the above Gaussian distributions (0.17, 2.3, and 0.14, respectively), and divide by the summed probability density across all distributions (2.61), and conclude with approximately 88% certainty that the pair of animals are second-order kin (5% non-kin, and 7% first-order kin). The choice to use any ambiguously classified animal could then be based on cost-benefit analysis.
Discussion
Within each order of kin (r = 0.5, 0.25, 0.125, and 0.0) as defined by pedigree data, 14 STRs produce less variation in estimates of r than 81 SNPs. The product-moment correlation between the STR-based estimates of relatedness and the pedigree-based estimates of relatedness was 1.13 times as large as the product-moment correlation between the SNPbased estimates of relatedness and the pedigree-based estimates of relatedness. Formal model comparison using AICc and BIC suggests that when using a small set of polymorphic markers, STRs are better overall predictors of relatedness than SNPs, in that STR-based models show less deviance than SNP-based models, and predict pedigree relatedness with smaller residuals. These results are only valid in this particular data set, with these particular sets of STRs and SNPs; future analysis in other macaque populations with larger numbers of molecular markers is needed to investigate the extent to which our observations are more widely generalizable.
However, our results are consistent with previous model-based studies that have found STRs to be better predictors of relatedness than SNPs [Butler et al. 2007 ], probably because STRs are more highly polymorphic than SNPs. However, the product-moment correlations calculated between both STR-based and SNP-based estimates of relatedness and pedigreebased estimates of relatedness were quite high. Both SNP-based and STR-based estimates of relatedness are sufficient to distinguish first-order kin from lesser-related and unrelated individuals, and do so with identical error rates. This suggests that SNP-based estimates of r may be adequate for estimating kinship in primate colonies, especially when it is only necessary to distinguish first-order kin from more remotely related individuals.
The effectiveness of both STRs and SNPs in reliably estimating r depends on the standard error of the estimate of r, a function of the number of loci used and their frequencies. The lowest standard error in estimates of r achievable is approximately 1/√N(m-1) where N and m are the numbers of loci employed and the number of equally frequent alleles, respectively [Lynch and Ritland 1999] . A standard error of 0.1 (100 SNPs with minor allele frequencies (MAFs) of 0.5, or 20 STRs with 5 equally frequent alleles) should assure discrimination among most first-order and second-order relatives and unrelated individuals. While this level was achieved by STRs for first-order kin, second-order kin, and unrelated individuals, the standard error of r estimated from SNPs exceeded 0.1 for second-order kin.
Further work remains to be done to identify the number of SNPs required to effectively estimate relatedness for more remote classes of kin and for Indian rhesus macaques, the most prevalent subspecies at the National Primate Research Centers. The additional 15 SNPs excluded for use in this study of Chinese rhesus, in addition to the increased heterozygosity of the other 81 SNPs, may substantially improve SNP-based estimation of relatedness in Indian rhesus macaques.
Conclusions and Future Directions
The decision to use STRs over SNPs in estimating kinship for primate colony management or experimental research design may be motivated by a desire for extra precision, and might be a reasonable strategy when it is necessary to distinguish kin relations more distant than first-order. However, if it is only necessary to distinguish first-order kin relationships from all other relationships, the use of the SNP panel described in this paper for relatedness estimation in the context of primate colony management is defensible, provided that the SNPs are sufficiently variable in the study population to provide relevant information about relatedness.
It remains possible that adding additional SNPs to a panel, or selecting SNPs with greater variance, might lead to more accurate estimates of relatedness in rhesus macaques than a standard panel of STRs without incurring greater costs. Because the number of available SNP loci exceeds that of STR loci overall, SNPs with sufficiently high MAFs will likely be identified for use in primate colony management. Future empirical research should be designed to evaluate the number of highly variable SNP loci required to effectively discriminate various orders of kin.
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